The characteristics of Ni/indium tin oxide ͑ITO͒ ohmic contacts to p-type GaN (ϳ2ϫ10 17 cm Ϫ3 ) have been studied. The Ni/ITO ͑10 nm/250 nm͒ layers were prepared by thermal evaporation and rf magnetron sputtering, respectively. Although the as-deposited Ni/ITO contacts present rectified behavior, the linear current-voltage characteristics can be obtained. The contact resistance can be reduced significantly for the ITO/Ni/p-GaN samples after suitable rapid thermal process. The contact property of ITO/Ni/p-GaN shows lowest specific contact resistivity of 8.6ϫ10
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GaN and related compounds are attractive materials for optoelectronic devices in the blue-ultraviolet spectral region. [1] [2] [3] These devices make new display technology or high-density data storage on compact disks be realized. Furthermore, the high temperature and high power electronic devices are also highly promising owing to their superior physical properties such as wide band gap, high breakdown field, and high thermal conductivity. However, it is well known that parasitic resistances, in the form of contact resistance, substantially reduce the overall performance of these electronic and optical devices. Often the major loss of performance is due to high resistance metal-semiconductor contacts. In order to obtain optimum device performance, reliable ohmic contact to GaN is absolutely necessary. Especially, the fabrication of high-quality ohmic contacts with low resistance, thermal stability, and high transparency, is of great technological importance for the optical device applications. However, it is hard to grow heavily doped p-GaN (Ͼ10 18 cm Ϫ3 ) and there is no appropriate metal with a work function larger than that of GaN ͑ϳ7.5 eV͒. Thus it is difficult to form ohmic contact to p-GaN as compared with other III-V compounds. Currently, oxidizing Ni/Au thin film is commonly used as the ohmic contact to p-GaN. 4, 5 The main concept is to use p-type NiO with nickel vacancies and/or oxygen interstitials contacts to p-GaN to reduce interface resistance. The high carrier concentration of NiO makes a metal easy to achieve an ohmic on it. However, the Au-based contacts generally have poor thermal stability, leading to poor device reliability. It is essential to achieve thermal stable and low-resistance ohmic contacts on p-GaN using Au-free contact schemes.
On the other hands, the indium tin oxide ͑ITO͒ film has been widely used as a transparent conductor 6 due to its high transparency ͑ϳ90%͒ in the visible spectrum and its low electrical resistivity (Ͻ5ϫ10 Ϫ4 ⍀ cm). The ITO film can also provide high carrier concentration (10 20 -10 21 cm Ϫ3 ) and applicable mobility ͑25-50 cm 2 /V s͒. 7 The roles of ITO for light-emitting-device applications include transparent electrodes, window material, and current spreading layer. 8 So far, the ohmic behavior was just observed for ITO on heavily doped n-GaN (nϭ1ϫ10 19 cm Ϫ3 ) by Sheu et al. 9 It was not achievable to make direct ohmic contact between the ITO and p-GaN. In this work, the Ni metal was utilized as an intermediate layer between ITO and p-GaN for the study of optimum ohmic contact. The ITO film not only provides the oxide source for NiO formation, but also preserves high conductivity and high transparency. Details of the electrical, optical properties of Ni/ITO bilayer and the contact properties with p-GaN will be described.
The GaN epilayers used in this study were grown on ͑0001͒ sapphire substrates by metalorganic chemical vapor deposition using hydrogen as the carrier gas. Trimethylgallium and ammonia were used as the source chemicals, and bis-cyclopentadienyl-magnesium as the p-type dopant source. After growth, the Mg-doped GaN epilayers ͑1.5 m thick͒ were annealed at 750°C in N 2 for 20 min to activate the dopant. A typical hole concentration of 2ϫ10 17 cm
Ϫ3
with a mobility of 8 cm 2 /V s was measured by Hall probe at room temperature. Prior to deposition of the contact layers, the sample was dipped into HCl solution (HCl:H 2 Oϭ1:1) for 1 min, immersed into boiling aqua regia (HCl:HNO 3 ϭ3:1) for 10 min, and rinsed in running deionized water. The Ni ͑10 nm͒ and ITO ͑250 nm͒ films were then deposited by thermal evaporation and rf magnetron sputtering, respectively. During the ITO deposition, pure argon was used as the sputtering gas and no additional heating was subjected to the sample. After deposition, thermal alloying with temperature ranging from 400 to 800°C was performed on the Ni/ITO contacts by a rapid thermal processor under various atmospheres ͑vacuum, N 2 , and air͒. The surface roughness of the contacts was evaluated by atomic force microscopy ͑AFM͒. To investigate the extent of interdiffusion between the contact layers and p-GaN, the in-depth compositional profiles were measured using an Auger microscope. Optical properties of the ITO/Ni/p-GaN samples were evaluated using ultraviolet-visible transmission spectroscopy. The current-voltage (I -V) characteristics were measured at room temperature using an HP 4155A semiconductor parameter analyzer. Specific contact resistance was evaluated by using rectangular transmission-line-method ͑TLM͒ patterns. Conventional photolithography and liftoff process were used to define the TLM pattern with pad size of 150ϫ150 m 2 . The spacings between the pads were 20, 40, 60, 80, and 100 m. Figure 1 shows the I -V characteristics of the Ni/ITO ͑10 nm/250 nm͒ contacts to p-GaN before and after annealed under different ambient conditions. It was found that the I -V curves were rectified in the as-deposited samples and remained the same behavior upon heat treatment at 600°C in vacuum or nitrogen ambient. However, a linear behavior of the I -V characteristics can be obtained after heat treatment at 600°C in air, which indicates the formation of an ohmic contact. A similar result for Ni/Au contacts to p-type GaN was also obtained by Ho et al. 4 They found that a much more linear I -V curve was obtained for samples annealed in air than those annealed in nitrogen or in forming gas. This behavior can be explained by the formation of oxidized Ni ͑NiO͒ during the thermal process. The high conductivity of the oxidized Ni/Au films was referred to constitute Au, while the low interface resistance between the oxidized Ni/Au film and p-type GaN was attributed to the formation of p-type NiO.
In order to investigate the present Ni/ITO contact behavior, in -depth Auger profiles of the as-deposited and annealed ͑600°C in vacuum or air͒ Ni/ITO films on p-GaN were examined and illustrated in Figs. 2͑a͒-2͑c͒ , respectively. It was found that Ni in the as-deposited sample had been oxidized due to the subsequent ITO deposition process. However, NiO shows no evident interaction with the p-GaN epilayer, thus exhibiting the rectified contact as discussed in Fig. 1 . A similar trend is also observed in the Auger profile of the ITO/Ni/p-GaN sample after annealed in vacuum ͓Fig. 2͑b͔͒. On the other hand, the ITO/Ni/p-GaN sample after annealed in air ͓Fig. 2͑c͔͒ shows that the Ni was not only oxidized, but also interacted with GaN. It is worthy to mention that the In atoms also diffuse from ITO layer into the p-GaN epilayer. Note that NiO can behave as a p-type semiconductor with high hole concentration. However, to form a low-resistance ohmic contact requires not only a highly conductive contact material, but also low interface resistance between the contact and semiconductor. Thus the effect of Ni/ITO films on p-GaN annealed in air can be interpreted by the formation of low impedance interface resulting from NiO and In codiffusing to p-GaN film. With the combination of these effects, a very low-resistance ohmic contact to p-type GaN can be achieved. However, further research is required to determine what kind of reactions occur during the annealing and to identify what mechanism responsible for lowering the resistance of the annealed contacts. Figure 3 shows the effect of thermal annealing temperature on the specific contact resistance of Ni/ITO ͑10 nm/250 nm͒ to p-GaN in vacuum or air. Obviously, an appropriate annealing temperature can reduce the specific contact resis- tance effectively. Among these data, the Ni/ITO contacts to p-GaN present minimum contact resistance of 8.6 ϫ10 Ϫ4 ⍀ cm 2 for the sample annealed at 600°C for 2 min in air. Moreover, the sheet resistance of Ni/ITO was found to increase from 21.4 to 38.7 ⍀/sq after annealing. This could be attributed to the fact that the concentration of oxygen vacancy existing in the ITO film was reduced by compensation via the heat treatment process in air. Nevertheless, it will not cause the increase of interface impedance between Ni/ ITO and p-GaN.
Although the Ni/ITO contact to p-GaN resulted in ohmic behavior after annealing, the optical characterization of these films is another important issue. Figure 4 shows the transmittance spectra against wavelength for the ITO/Ni/p-GaN samples annealed at 600°C under vacuum or air conditions. The transmittance spectrum of the asdeposited sample is also illustrated for comparison. The light transmission is measured to be only 3% ͑at 470 nm͒ for the as-deposited contact, 74% for the contact annealed in vacuum, and 88% for the contact annealed in air. The Ni/ITO annealed at 600°C in air is found to achieve the highest optical transmission. Notably, the transmittance of the annealed contact for this work is comparable to the highest value ͑88%͒ reported so far for p-GaN. 5 It has been reported that the NiO with a wide band gap of about 4 eV presents high transparency property. From the result of in-depth Auger profile as shown in Fig. 2͑a͒ , the transformation of Ni to NiO occurs during the ITO deposition process. Thus the transparency of the as-deposited Ni/ITO films will be dominated by the optical property of ITO. Since the ITO film was deposited at near room temperature in this work, it presented the worst transparency. After annealing in air, the transparency of ITO was evidently improved. Recently, Sheu et al. 5 investigating a very thin Ni/Au ͑2 nm/6 nm͒ ohmic contact to p-GaN, showed that the light transmittance can improved up to 88% ͑at 470 nm͒ by annealing at 500°C for 5 min. One of the disadvantages of this approach is that the thin Au layer exhibits unstable as the sample applied to high current injection or high temperature. However, this problem can be avoided by our present work utilizing the Ni/ITO contact layer ͑free of Au͒. Further evidence can be supported by the thermal-stability behavior of the ITO/Ni/p-GaN contacts in terms of surface morphology and electrical property. The AFM results show that the surfaces of the as-deposited and 600°C contacts are smooth with a root-mean-square ͑rms͒ roughness of 5.4 and 5.9 nm, respectively. It is worth to mention that annealing of the contact at 600°C for 60 min causes no obvious degradation in the surface morphology; the surface is still smooth with a rms roughness of 6.5 nm. In addition, the electrical measurements show that the prolonged annealing does not seriously degrade the electrical properties of the contacts. The sample annealed for 60 min results in a contact resistance of 9.5ϫ10 Ϫ4 ⍀ cm 2 , which is comparable to that of the sample annealed for 2 min(8.6 ϫ10 Ϫ4 ⍀ cm 2 ). These indicate that the Ni/ITO does not critically suffer from thermal degradation during annealing at 600°C.
In summary, the characteristics of transparent Ni/ITO ohmic contact to p-GaN have been studied. For samples heat treated at 600°C in air, the Ni/ITO ͑10 nm/250 nm͒ contact to p-GaN shows specific contact resistance of 8.6 ϫ10 Ϫ4 ⍀ cm 2 with high optical transparency of 88% at 470 nm. The better ohmic contact behavior could be due to the diffusion of In from ITO to GaN and reaction of NiO with GaN in the formation of the contacts. The diffusion and reaction also improved the transparency of ITO/Ni/GaN sample. These results strongly indicate that the Ni/ITO can be a suitable metallization scheme for the fabrication of high-performance GaN light-emitting devices. 
